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ABSTRACT 
 
 
 
Chromium pollution has become a global issue and many techniques have been 
developed for the removal of Chromium (VI) (Cr(VI)) from wastewater. In this 
study, blend polymer absorbent beads which was poly (vinyl  
alcohol)/chitosan/silicon dioxide (PVA/CS/SiO2) beads were prepared by dropwise 
method by crosslinking with sodium hydroxide and ethanol and further crosslinked 
with glutraldehyde for the purpose of Cr(VI) ion removal in aqueous solution under 
UV irradiation. All of the samples of PVA/CS/SiO2 beads were put under UV 
irradiation for two hours in the high acidic medium of Cr(VI) solution. After that, the 
Cr solution was analysed by atomic absorption spectroscopy (AAS), and the beads 
have been characterised by scanning electron microscopy (SEM), energy dispersive 
x-ray spectroscopy (EDX) and fourier transform infrared spectroscopy (FTIR) 
analysis. pH value for each sample before and after the absorption test also has been 
measured. As a result, the data obtained by AAS showed that the Cr(VI) solution of 
PVA/CS/SiO2 beads of PCS 25 recorded the most percentage of Cr(VI) absorption 
which was 99.9% meanwhile PCS 1 recorded the less percentage of Cr(VI) 
absorption which was 93.4%. Beads morphology images showed that all of the 25 
samples of PVA/CS/SiO2 beads revealed macro and micro pores on the surface of 
beads before the Cr(VI) absorption and the pore size increased with the increment of 
CS and SiO2 concentration. The pores for all of the sample beads before the Cr 
absorption can be clearly seen. However, the surface of beads became smooth after 
Cr(VI) absorption, indicating that the pores on the surface were filled up with Cr. 
This change was further supported by EDX analysis which provided the existence of 
Cr peaks as the direct evidence. Whereas, FTIR results showed small shifts in 
wavelength at several peaks before and after the Cr absorption for each sample 
indicated that there was metal binding process taking place at the surface of the 
beads.  The results of pH value of Cr after the absorption test showed that PCS 1 
recorded the lowest pH value which was 5.81 and PCS 25 recorded the highest pH 
value which was 6.08. As for the conclusion, PCS 25 has been chosen as the best 
absorbent with the highest Cr absorption and the results suggested that, the use of 
PVA/CS/SiO2 beads is a sustainable strategy for eliminating Cr(VI) from industrial 
wastewater. 
vi 
 
ABSTRAK 
 
 
 
Pencemaran kromium telah menjadi isu global dan banyak kaedah telah dimajukan 
untuk penyingkiran kromium (VI) (Kr(VI)) dari air buangan. Dalam kajian ini, 
manik penyerap polimer kisaran iaitu manik polivinil alkohol/citosan/silikon 
dioksida (PVA/CS/SiO2) telah dihasilkan melalui kaedah bertitisan dengan 
sambungan silang oleh natrium hidroksida dengan etanol dan sambungan silang 
selanjutnya dengan glutaraldehid bagi tujuan penyingkiran ion Kr(VI) di dalam 
larutan akuas di bawah sinaran UV. Kesemua sampel manik PVA/CS/SiO2 
diletakkan di bawah sinaran UV selama dua jam di dalam larutan Kr(VI) yang 
bermedium asid tinggi. Selepas itu, larutan Kr telah dianalisis oleh kespktroskopan 
penyerapan atom (AAS), manakala manik PVA/CS/SiO2 telah diperincikan dengan 
miroskopi electron penskanan (SEM), spektroskopi penyebaran tenaga x-ray (EDX) 
dan spektroskopi inframerah transformasi fourier (FTIR). Nilai pH untuk kesemua 
sampel sebelum dan selepas ujikaji penyerapan juga telah diukur. Hasilnya, data 
yang telah diperolehi melalui AAS telah menunjukkan bahawa larutan Kr(VI) oleh 
manik PVA/CS/SiO2 untuk PCS 25 telah mencatatkan peratusan penyerapan Kr(VI) 
yang tertinggi dengan 99.9%, manakala PCS 1 mencatatkan peratusan penyerapan 
Kr(VI) yang terendah dengan 93.4%. Imej morfologi pula telah menunjukkan 
kesemua 25 sampel manik PVA/CS/SiO2 mendedahkan liang-liang makro dan mikro 
pada permukaan manik PVA/CS/SiO2 sebelum penyerapan Kr(VI) dan saiz liang 
bertambah dengan pertambahan kepekatan CS dan SiO2. Liang-liang untuk kesemua 
sampel manik sebelum penyerapan Kr boleh dilihat dengan jelas.  Namun begitu, 
permukaan manik ini kelihatan licin selepas penyerapan Kr(VI), menunjukkan 
bahawa permukaan ini telah terisi dengan Kr. Perubahan ini telah dikukuhkan lagi 
dengan analisis EDX yang menunjukkan kewujudan puncak Kr sebagai bukti. 
Sementara itu, hasil keputusan FTIR pula telah menunjukkan beberapa anjakan kecil 
pada panjang gelombang di beberapa puncak sebelum dan selepas penyerapan Kr 
bagi setiap sampel menunujukkan bahawa terdapat proses pengikatan logam yang 
mengambil tempat pada permukaan manik. Hasil keputusan nilai pH pada Kr selepas 
ujikaji penyerapan pula telah menunjukkan PCS 1 mencatatkan nilai pH yang 
terendah iaitu 5.81 manakala PCS 25 pula mencatatkan nilai pH yang tertinggi iaitu 
6.08. Kesimpulannya, PCS 25 telah dipilih sebagai penyerap terbaik dengan 
penyerapan Kr yang tertinggi dan hasil kajian mencadangkan bahawa penggunaan 
manik PVA/CS/SiO2 adalah satu langkah lestari untuk menyingkirkan Kr(VI) 
daripada air buangan industri. 
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CHAPTER 1 
 
 
 
INTRODUCTION 
 
1.1 Research background 
 
Heavy metal pollution is one of the most important environmental problems. Among 
various heavy metals, chromium (Cr) possess serious problem to ecosystems and 
causes great public concern. Major sources of Cr are effluents from electroplating, 
metal finishing, Cr mining pigments, leather tanning, wood protection, electrical and 
electronic equipments manufactures and catalysis (Mohan & Pittman, 2006). In the 
environment, Cr occurs mainly in two stable oxidation states (III) and (VI), which 
exhibit very different toxicities and mobilities (Selvaraj et al., 2003). 
Cr(III) is less toxic and is an essential micronutrient for normal glucose 
metabolism at low concentrations. Hexavalent chromium, Cr(VI) is reported to be 
five hundred times more toxic than the trivalent one and is a powerful carcinogenic 
agent which modifies the DNA transcription process causing important chromosomal 
aberrations (Kauspediene et al., 2010 & Miretzky & Cirelli, 2010). It can also cause 
lung cancer, as well as kidney, liver and gastric damage (Kozlowski & Walkowiak, 
2002). The maximum concentration limit of Cr(VI) for discharge into inland surface 
water is 0.1 mg/L, but the guidelines for drinking water prescribed by the WHO for 
Cr(VI) is 0.05 mg/L (Anirudhan et al., 2013). 
The removal of Cr(VI) from wastewater is of significant importance because 
of the tremendous threat of Cr(VI)-contaminated wastewaters to environment (Jia et 
al., 2013). Many techniques have been developed for the removal of Cr(VI) ions 
from wastewater, including adsorption (Qiu et al., 2009), ion exchange (Long et al., 
2008), chemical precipitation (Thomson & Miller, 1998), reverse osmosis
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(Dialynas & Diamadopoulos, 2009), bifunctional TiO2 catalyzed photo reduction 
(Shi et al., 2012) and electrolysis (Pascal et al., 2007). Among them, absorption is 
one of the most popular methods for the removal of Cr from wastewaters 
(Bayramoglu & Yakuparica, 2008). However, most of these materials are either 
prepared in certain conditions, e.g., high temperature, controlled pressure and 
additional chemicals which increase operation costs or of low efficiency, poor 
mechanical strength and difficult separation from reaction system. Therefore, there is 
a need to develop low cost, easily available, effective and reusable absorbents for the 
removal of heavy metal ions from the aqueous environment (Li et al., 2011).  
Poly (vinyl alcohol)/Chitosan (PVA/CS) pairing has gained many attention 
from many researchers and widely applied in removal of heavy metal ions from 
aqueous solution (Wan Ngah et al., 2004). PVA is a water soluble material 
containing large amount of hydroxyl groups. PVA has been widely applied because it 
has many advantages such as low cost, non-toxicity, biocompatibility, high durability 
and chemical stability (Neri et al., 2008). CS is just one of the most representative 
biopolymers, receiving considerable interest for heavy metals removal due to its 
excellent metal-binding capacities and low cost. CS, poly(b-1-4)-2-amino-2-deoxy-d- 
glucopyranose, is produced by partially alkaline N-deacetylation of chitin, which can 
be widely found in the exoskeleton of shellfish and crustaceans as the second most 
abundant natural biopolymers next to cellulose (Babel & Kurniawan, 2003). It is 
known as an outstanding sorbent of extremely high affinity for transition and post 
transition metal ions selectively because the amino (NH2) and/or hydroxy (−OH) 
groups on CS chains serve as coordination sites (Erosa et al., 2001). 
 
1.2 Problem statement 
 
Increased attention has been focused on the blends of synthetic and natural polymers 
for removing heavy metal ions from wastewater since the application of blend 
polymers in the absorption process is environmental friendly and technically feasible 
(Argawal et al., 2010). The PVA is a hydrophilic and water-soluble synthetic 
polymer contains of hydroxyl group (Goel et al., 2007). Meanwhile, Chitosan (CS) is 
one of the natural polymer contains hydroxyl and amine groups (Guibal, 2005). 
These functional groups (hydroxyl and amine) from both PVA and CS greatly 
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contribute in Cr(VI) ion removal from aqueous solution (Wan Ngah et al., 2004). 
Since pure CS gel exhibits low mechanical strength and is easy to disperse in dilute 
acid (Shi et al., 2003), the improvement of mechanical stability, hydrophilicity and 
biocompatibility of the absorbents may be promoted by blending PVA and CS 
because PVA itself is a biocompatible and biodegradable synthetic polymer, which 
offers good tensile strength and flexibility (Wan Ngah et al., 2004). Meanwhile, the 
addition of silicon dioxide (SiO2) into the PVA/CS beads would optimize the 
absorption mechanism since it has been widely applied in the heavy metal removal 
for a low price and easily available absorbent (Yu et al., 2013; Martins et al., 2013 & 
Flores et al., 2013). 
 In absorption process, the selection of the efficient and suitable polymers is 
crucial because each polymer has different capability to reduce different types of 
heavy metals and not all types of polymer is capable to absorb Cr(VI). As for 
example, kaolin is capable to absorb Pb(II) (Sari et al., 2007), zeolite shown to have 
high selectivity for certain heavy metal ions such as Pb(II), Cd(II), Zn(II), and Cu(II) 
(Babel & Kurniawan, 2003), CS was found to be capable in the removal of Hg(II), 
Ni(II), Pb(II), Cu(II), Ni(II), Fe(II) and also Cr(VI) (Babel & Kurniawan, 2003 & 
Wan Ngah et al., 2005),  and similar to CS, PVA also showed great capability in 
Cr(IV), Cd(II), Pb(II) and Cu(II) removal from wastewater (Wan Ngah et al., 2004 & 
Hui et al., 2014a). 
 The removal of Cr(VI) is important because this heavy metal is the main 
metal pollutant introduced into water from industrial process such as tanning, 
electroplating, metal processing, paint manufacturing, steel fabrication and 
agricultural runoff (Selvi et al., 2001). Hexavalent of chromium (CrO4
−
) and 
dichromate (Cr2O7
−
) possess significantly higher levels of toxicity than the other 
valency states (Sharma and Foster, 1995). So, the removal of Cr(VI) from water and 
wastewater is important to protect the environment (Selvi et al., 2001). 
 In order to produce the absorbent in an easy-way method, dropwise method 
have been chosen and applied to fabricate the PVA/CS/SiO2 beads in this study. This 
method has been applied by many researchers (Zhu et al., 2014; Idris et al., 2011 & 
Chang et al., 2004) and it did not require many steps and equipments as compared to 
other method such as injection (Kumar et al., 2009) and spray with precipitation bath 
method (Wan Ngah et al., 2002).  
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1.3 Objectives 
 
The objectives of this study were:  
 
i. To synthesise PVA/CS/SiO2 beads via the dropwise method. 
ii. To investigate the synthesised beads morphology and its absorption 
properties by variations of CS and SiO2 concentrations. 
iii. To qualitatively evaluate the prior potential of PVA/CS/SiO2 beads for the 
absorption of Cr(VI) from aqueous solution. 
 
1.4 Scope of study 
 
The study was conducted under the following limits: 
 
i. Preparation of PVA/CS solutions. 
ii. Ranges of CS compositions that have been studied in beads formation were at 
different concentrations of 0.5, 1.0, 1.5, 2.0 and 2.5 g. 
iii. Doping of SiO2 into the PVA/CS solution at different compositions of 0, 
0.25, 0.5, 0.75 and 1.0g. 
iv. Characterisations of PVA/CS/SiO2 beads before and after the Cr(VI) 
absorption were performed by scanning electron microscopy (SEM) analysis, 
energy dispersive x-ray spectroscopy (EDX) analyses and fourier transform 
infrared spectroscopy (FTIR) analyses. 
v. Absorption of PVA/CS/SiO2 beads towards Cr(VI) in pH 2.0 solution was 
evaluated through Cr(VI) ion reduction test for 2 hours. 
vi. Cr(VI) ion reduction was verified by atomic absorption spectrometer (AAS) 
analysis. 
 
1.5 Significance of study 
 
i. To fabricate PVA/CS/SiO2 beads for the waste water treatment which is 
harmless, non-toxicity and environmentally friendly to reduce Cr pollution. 
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ii. To improve the human health by avoiding the diseases caused by Cr 
pollution. 
iii. To improve the wastewater treatment technologies by using blend polymers 
absorbent beads. 
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CHAPTER 2 
 
 
 
LITERATURE REVIEW 
 
2.1 Heavy metal pollution 
  
Water pollution by heavy metals due to the discharge of industrial effluents is a 
worldwide environmental problem and results in serious threats to ecosystem and 
human health.  Heavy metals pollutants different from other toxic pollutants, as they 
are not biodegradable and can accumulate in living tissues, which can cause various 
diseases and disorders even at low concentration (Li et al., 2011). Heavy metals such 
as Mercury (Hg), Plumbum (Pb), Chromium (Cr), Nikel (Ni), Copper (Cu), 
Cadmium (Cd) and Zinc (Zn) are usually associated with tendency to accumulate in 
living organisms  and are highly toxic when absorbed into body (Wan Ngah et al., 
2004).  Table 2.1 shows the summary of the types of heavy metals, the effect of 
heavy metals towards human health and the maximum concentration limit (MCL) for 
drinking water. 
 
Table 2.1: Types of heavy metals, the effect of heavy metals towards human health 
and the maximum concentration limit (MCL) for drinking water 
Heavy metals Toxicities MCL 
(mg/L) 
References 
Plumbum Brain, bone, and kidney damage, and 
dysfunction of the central nervous system in 
human beings 
0.01 Li et al., 2011 
Cadmium Kidney damage, renal disturbances, bones 
lesions, high blood pressure, skeletal 
deformity and muscular cramps 
0.005 Kumar et al., 2009 
Copper Liver damage, cause harmful, acute and 
even fatal effect when a large dosage is 
ingested 
1.3 Wan Ngah et al., 2004;  
Li & Bai, 2005 
Chromium Epigastric pain, nausea, vomiting, severe 
diarrhoe and hemorrhage by ingestion 
0.05 Kousalya et al., 2010  
7 
 
Table 2.1 (continued) 
 
Zinc Impair immune function, diarrheal disease, 
lower respiratory tract infections, malaria 
3.0 Blewett et al., 2014  
Arsenic Long term exposure can cause cancer of the 
skin, lungs, urinary tract, kidneys and liver, 
and can also produce various other non-
cancerous effects 
0.01 Meng, 2000 
Mercury Easily accumulate in living tissue, can cause 
poisoning at high concentration 
0.5 μg/g 
(wet 
weight) 
Lu et al., 2014; Taylor 
et al., 2014 & 
Panichev & Panicheva, 
2015 
 
2.1.1 Chromium pollution 
 
Contamination of aquatic media by heavy metals is a serious environmental problem, 
mainly due to the discharge of industrial waste (Redded et al., 2002). Treatment for 
high volumes of wastewater containing low concentrations of heavy metals 
pollutants is becoming increasingly important as the discharge regulations become 
more stringent (Chen et al., 2010). Heavy metals are highly toxic at low 
concentrations and can accumulate in living organisms, causing several disorders and 
diseases (Gotoh et al., 2004). Among of various heavy metals, chromium (Cr) posses 
serious problem to ecosystems due to its extensive use and causes great public 
concern (Mohan & Pittman, 2006). Cr is a widespread contaminant entering the air, 
water and soil environment by different industrial activities such as iron and steel 
manufacturing, chrome leather, chromium plating, wood preservation and other 
anthropogenic sources. It exists in the environment in two stable forms of Cr(III) and 
Cr(VI) through natural processes and human activities (Uysal, 2013). Table 2.2 
shows the comparison between the general chemical characteristics of Cr(VI) and 
Cr(III). 
 
Table 2.2: Comparison between the general chemical characteristics of 
Cr(VI) and Cr(III) (Uysal, 2013) 
Cr(VI) Cr(III) 
 Toxic substance 
 Not stable 
 A strong oxidizer 
 Fast reacting 
 Complicated chemical forms 
 Powerful oxidant at low pH 
 Less toxicity 
 Stable oxidation state 
 Not a strong oxidizer 
 Slowly react to form complexes 
 Low kinetic energy potential 
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Chromium exists in several oxidation states out of which Cr(III) and Cr(VI) 
are the most stable forms. Due to its high toxicity and potential carcinogenicity, 
Cr(VI) is of special concern (Tewari et al., 2005).  Trivalent Cr(III) is less toxic than 
Cr(VI) and due to the fact that has limited hydroxide solubility, it is less mobile and 
less bioavailable (Krishnani & Ayyappan, 2006). Cr(III) is essential to animals and 
plants and plays an important role in sugar and fat metabolism (Kotas & Stasicka, 
2000). Hexavalent chromium, Cr(VI) is reported to be 500 times more toxic than the 
trivalent one. It is the most toxic form among the Cr species which being 
carcinogenic and mutagenic to living organisms and causes several diseases 
(Anirudhan et al., 2013). There were other danger of Cr(VI) which has been 
simplified in Table 2.3.  
 
Table 2.3: Types of harmful/diseases caused by Cr(VI) 
Types of harmful/diseases caused Cr(VI) References 
Highly toxic at low concentration and can accumulate in 
living organisms 
Gotoh et al., 2004 
Causes epigastric pain, nausea, vomiting, severe 
diarrhoea and hemorrhage by ingestion 
Faust & Aly, 1987 
Causes lung cancer, as well as kidney, liver and gastric 
damage 
Kozlowski & Walkowiak, 2002 
Highly reactive, mobile and easily soluble in water, and 
these properties cause several environmental health risks 
because they are non-biodegradable in living tissues. 
Uysal, 2013 
A powerful carcinogenic agent which modifies the DNA 
transcription process causing important chromosomal 
aberrations 
Miretzkya & Cirelli, 2010 & 
Kauspediene et al., 2010 
Toxic to bacteria, plants, animals and people. Kozlowski & Walkowiak, 2002 
Leads to liver damage, pulmonary congestion and causes 
skin irritation resulting in ulcer formation 
Golonka, 1996 
 
Increasing awareness grown rapidly worldwide and one of the offshoots is the 
treatment and removal of this toxic material from such effluents to a permissible 
limit before discharging them into streams and rivers (Idris et al., 2011). In natural 
waters, the range of chromium concentration is quite large, ranging from 5.2 to 
208,000 mgL
−1
 (Richard & Bourg, 1991). Nevertheless, for most natural waters the 
Cr concentration is below the 50𝜇gL−1 value recommended for drinking water by the 
World Health Organization or the US Environmental Protection Agency (USEPA, 
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1996 and WHO, 1997). The maximum concentration limit of Cr(VI) for discharge 
into inland surface water is 0.1 mg/L, but the guidelines for drinking water 
prescribed by the WHO for Cr(VI) is 0.05 mg/L. On the other hand, the Occupational 
Safety and Health Administration (OSHA) has set the maximum contaminant level 
(MCL) for Cr(VI) to be 0.005mg/m
3
 while for Cr(III) 0.5mg/m
3
 for an 8h workday, 
40h workweek (ATSDR, 2008). According to the Malaysian Standard B, the 
permissible discharge limit for Cr(VI) is 0.05 mg/L (Idris et al, 2011). With this 
prescribed limit, the removal of Cr(VI) from wastewater is of significant importance 
because of the tremendous threat of Cr(VI) contaminated wastewaters to 
environment (Anirudhan et al., 2013). 
 
2.1.2 Water treatment method for heavy metals wastewater 
 
Increasingly strict discharge limits on heavy metals and their widespread uses, 
threatening presence at hazardous waste sites have accelerated the search for 
advanced and economically attractive treatment technologies for their removal. 
Heavy metals removal from aqueous solution has been commonly carried out by 
several processes which are (Muzzarelli et al., 2005; Sekhar et al., 1998 & Hu et al., 
2001): 
 
i. Chemical precipitation 
ii. Chemical reduction 
iii. Ion exchange 
iv. Reverse osmosis 
v. Absorption 
 
Chemical precipitation in particular, is the most prevalent method but not 
suitable for removing low concentration of heavy metal ion. A chemical reduction 
process requires the addition of chemicals and may release toxic compounds into the 
environment, especially when H2 is used as a reductant. Reverse osmosis is too 
expensive to treat a large amount of wastewater. Compared with these methods, ion 
exchange is a simple and effective method.  But the main problem is that the ion 
exchange resin is still quite expensive and retains some sulfate and hydrogen 
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carbonate, which induce significant changes in the water composition (Chatterjee & 
Woo, 2009). 
Absorption process are promising in this regard as opposed to more 
conventional chemical precipitation in that, it achieves high level removal over a 
wider range of solution conditions (Rafatullah et al., 2009). The absorption, with the 
selection of suitable absorbents, can be an effective technique for the removal of 
heavy metals from waste water (Corapcioglu & Huang, 1987). Absorption is the 
process that is used to collect soluble substances in solution on a suitable interface 
(Chatterjee & Woo, 2009). Some of the suggested absorbents are moss peat (Xiong 
& Mahmood, 2010), fly ash (Nimjaroen et al., 2009 & Xu et al., 2010), activated 
carbon, zeolite (Selvi et al., 2001 & Ouki & Kavannagh 1997), lignin (Wu et al., 
2008), clay (Chang & Juang, 2004), biomass (Yu et al., 2007), xanthate (Chen & 
Wang, 2012) and cactus material (Mohan & Pittman, 2006). All the absorbents are 
not economically suitable enough for wastewater treatment. Though they generally 
have high metal absorption capacity, however, most of these materials are either 
prepared in certain conditions, e.g., high temperature, controlled pressure and 
additional chemicals which increase operation costs or poor mechanical strength and 
difficult separation from reaction system. Therefore, a growing research interest has 
been developed in search of low cost, easily available, effective and easily handling 
absorbents for the removal of heavy metal ions from the aqueous environment (Li et 
al., 2011). 
 
2.2 Beads as absorbents for wastewater treatment 
 
There are many types of biopolymers and activated carbon that can be used to treat 
and remove heavy metals from wastewater. Although they are very superior and 
effective, they are not practical to be used to remove heavy metals in their original 
form for example powder and flake. From Rorrer et al., (1993) they have mentioned 
that, flake and powder forms of chitosan (CS) are not suitable for using as absorbents 
due to i) their low surface areas and ii) none porosity, meanwhile Sarkar & 
Majumdar stated that CS powder or flake swells in water and forms colloidal 
suspension causing difficulties in separation and making it unsuitable for use in an 
absorption column.  
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Hence, there is a need to reunite or reform them into a shape which are i) easy 
to handle, ii) easy to physically separated from the wastewater after use and iii) 
environmentally friendly. As a solution for this concern, many researchers have 
applied beads as absorbents for wastewater treatment (Li & Bai, 2005, Chatterjee & 
Woo, 2009, Igberase et al., 2014, Idris et al., 2011 & Benamer et al., 2011).  
According to Rajiv Gandhi et al., (2011), CS when used in powder form, cause 
pressure drop during filtration. To overcome such technology shortcome, they have 
prepared CS in a usable beads form. 
 Since spherical shape is the faster and the easier shape to be formed as 
compared to cube, pyramid or other shapes, commonly the spherical shape was 
applied as beads or absorbent for heavy metals removal. Moreover, this form is the 
cheapest method to fabricate beads because the beads can be manually produced by 
dropwise method by using syringes. Figure 2.1 below shows the CS–cellulose 
hydrogel beads produced by Li & Bai, (2005). 
 
 
Figure 2.1: CS–cellulose hydrogel beads (Li & Bai, 2005) 
 
2.2.1 Types of absorbent 
 
Absorbent can be classified into several types of categories based on different 
function and characteristics. In water treatment process, there are two major types of 
beads that can be utilised which are ceramic and polymeric beads. Both of the beads 
currently gained many attentions from researchers due to their porous structure 
(Dinçer & Telefoncu, 2007; Kumar et al., 2009 & Li et al., 2011). It is because, this 
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porous structure is expected to contribute on absorption of heavy metals from 
wastewater.  
 
2.2.1.1 Ceramic beads 
 
The interest in porous ceramics has grown rapidly in the recent years for their 
potential use as catalyst supports, molten metal filters, diesel exhaust filters, 
combustion burners, thermal insulation, etc. Porous ceramics in particular are used 
for the purposes as they withstand corrosion even at high temperatures (Konrad et 
al., 2014).  The use of porous ceramics in thermal insulation, substrates for catalysts 
and filtration systems has been assessed for many years and the materials are still 
expanding into other areas (Shepard, 1991). The specific use of the ceramic depends 
on the size of the porous ceramic body, the nature of the porosity (closed or open), 
and ceramic composition among other factors. In these and other applications, the 
porous ceramic is often used in the form of beads. Generally, spherical beads are 
preferred (Grace & Co-Conn, 1994). 
Porous glass ceramic have attracted considerable attention and potential 
material for water treatment due to their characteristics such as regular shape, large 
pores, narrow pore size distribution (Enke et al., 2003), high stability, easy 
preparation and low cost (Petrella et al., 2010). These characteristics make porous 
glass beads posses great potential in heavy metal absorption.  However, there is a 
limitation for ceramic beads that is the specific surface area of untreated glass beads 
is small, while most of the active ions inside the glass beads are not available for 
exchange with heavy metal ions. In order to increase the potential of glass, it is 
desirable to prepare porous glass beads with high surface areas (Helfferich, 1963). 
 Porous glass ceramic have been widely studied in these recent years.  Shen et 
al., (2012) has prepared porous glass beads with an egg-shell structure with shorter 
diffusion length in order to reduce the resistance for mass transfer and higher surface 
area for absorption which has been an ideal answer for the theory of ceramic 
absorption by Helfferich (1963). In other while, core–shell porous glass beads has 
been prepared by Shi et al., (2014) which exhibits several advantages such as: 
 
i. Can effectively eliminate the influence of inner diffusion because the distance 
of mass diffusion is the thickness of the porous shell 
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ii. Can be easily modified because of the numerous hydroxyl groups on the 
surface  
iii. Contain good chemical and thermal stabilities, and  
iv. Can be easily filled and separated based on the appropriate particle size (75–
150 μm). As the conclusion, surface area, high porosity and shorter diffusion 
are important factors for absorption capability. 
 
According to Shen et al., (2012), porous glass beads fabrication process 
involves four main methods which are the phase separation method, hydrothermal 
treatment under supercritical conditions, hydrothermal hot-pressing, and corrosion by 
solutions. The details of four main methods to fabricate porous glass are as shown in 
Table 2.4. 
 
Table 2.4: Four main methods of porous glass fabrication 
Method Explanation details References 
Phase separation Beads were charged for high temperature (773–873 K) and 
large amounts of acid. 
Nimjaroen et 
al., 2009 
Hydrothermal 
treatment 
The glass-transition temperature is decreased by supercritical 
water treatment followed by phase separation, leading to a 
surface area of 11.5 m
2
/g of the treated porous silica matrix 
Sigoli et al., 
2001 
Hydrothermal 
hot-pressing 
Hydrothermal hot-pressing method is much greener compared 
to other three methods because it is fabricated without any 
chemical reagents usage, but it is difficult to control the pore 
structure. 
Matamoros-
Veloza et al., 
2008 
Corrosion by 
solutions 
Alkali or alkaline earth ions in glass exchange with hydrogen-
bearing ions from water or hydroxyl ions in solution during 
hydrothermal treatment, thus leading to pores on the glass 
surface. 
Sugiyama, 2004 
 
Significant research efforts have been introducing porous glass beads with 
additives in beads fabrication process. The purpose of additive addition is to add 
more sites of active groups such as hydroxyl and amino groups for absorption of 
heavy metal ions. Shen et al., (2013) has prepared CS supported on porous glass 
beads for absorption. There are three possible advantages for choosing porous glass 
beads with CS supported which are (Shen et al., 2013):  
i. The large specific surface area of porous glass beads would help to absorb CS 
powders onto the outer surface of porous glass beads. Porous glass beads, as 
an inert substrate would lead to exposure of more active sites for absorption. 
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ii.  Porous glass beads provide mechanical support for CS, which may help to 
decrease the crosslinked degrees promoting the absorption capacities for 
heavy metal ions. 
iii.  Porous glass beads are reusable, cheap and environmentally friendly, 
offering a more efficient alternative to bulk CS pellets. 
 
2.2.1.2 Ceramic beads fabrication process 
 
Other than methods which have been mentioned previously, there are also several 
methods which have been developed by different researches. This is due to the 
different materials used in porous glass ceramic beads fabrication. Yun et al., (2009) 
has prepared bioactive glass (BG) ceramic beads with hierarchical pore structure 
using polymer self-assembly technique and the optical images of BG ceramic beads 
are as shown as in Figure 2.2. Meanwhile, the field emission scanning electron 
microscope (FESEM) images of surface and pore structure of BG ceramic beads are 
shown in Figure 2.3. In the meantime, Table 2.5 shows of beads, the materials used 
for the beads fabrication and the applicable methods. 
 
 
 
Figure 2.2: Optical images of BG gels template by (a) P123 and (b) F108 after 
dropping into CHCl3. Microscope images of BG beads (c) before and (d) after 
calcination at 600°C (Yun et al., 2009) 
15 
 
 
 
Figure 2.3: FE-SEM images of calcined BG beads. (a) Low magnification images of 
beads and (b and c) high magnification images of surface of beads (Yun et al., 2009) 
 
Table 2.5: Types of beads, the materials used for the beads fabrication and the 
applicable methods 
 
Types of beads Materials used Method References 
CS supports porous 
glass beads 
CS and glass microbeads Subcritical water 
treatment method 
Shi et al., 2014 
Alumina–CS beads Alumina and CS Gelcasting Brandi et al., 
2011 
Bioactive glass 
(BG) beads 
Poly (ethylene oxide)132-poly 
(prophylene 
oxide)50-poly (ethylene oxide)132 
Polymer self-
assembly technique 
Yun et al., 2009 
Porous glass beads 
supported 
with TS-1 particles 
Soda-lime glass microbeads, 
Tetraethyl orthosilicate (TEOS) 
and titanium ethoxide (TEOT) 
Subcritical water 
treatment method 
Shen et al., 2015 
Silicate beads Si(OC2Hs),  Zr(OC3HT), PrOH, 
EtOH, H20, HC1 
Sol-gel González-Oliver 
et al., 1988 
CS supports porous 
glass beads 
CS and soda-lime glass 
microbeads 
Subcritical water 
treatment method 
Shen et al., 2013 
Egg-shell glass 
beads 
Soda-lime glass microbeads Subcritical water 
treatment method 
Shen et al., 2012 
 
Among of all the methods mentioned in Table 2.5, the most popular method 
to fabricate porous glass beads is subcritical water treatment method. If referred to 
Shen et al., (2013), there are three major steps involved in porous glass beads 
fabrication which are shown in Figure 2.4. 
 
 
 
 
 
Figure 2.4: Steps of porous glass beads fabrication (Shen et al., 2013) 
The porous beads are prepared by subcritical water 
treatment method 
Hydroxylation of prepared porous glass beads 
 
The process of CS coating on porous glass beads 
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i) Subcritical water treatment method 
 
Subcritical water treatment method is a process involving hydrothermal treatment 
process, where the water molecules diffuse into a silica matrix of silica gel or silicate 
glass, called glass hydration. Glass hydration is affected by factors such as treatment 
temperature, treatment duration, medium pH, mode of modification (liquid or gas 
phase) and percent saturation of steam. The water that is diffused into the glass 
structure acts as a vesicant in the calcinations step, leaving pores in the glass. Pore 
structure control has not been mentioned in this method. The glass hydration can 
reduce both the viscosity and the glass transition temperature of glass. However, 
supercritical conditions are usually hard to attain for industrial productions with low 
cost (Sun et al., 2007). The details of preparation of porous glass beads by subcritical 
water treatment method are as shown in Table 2.6. 
 
Table 2.6: Preparation of porous glass beads by subcritical water treatment method 
Type of beads Process Reference 
CS supports porous 
glass beads 
 200 g of water and 5 g of glass beads were 
placed in a tank reactor with a volume of 
250 cm
3
. 
 The reactor was heated to 573 ± 0.1 K and 
the pressure increased from atmospheric 
pressure to 8 MPa. It was maintained for 60 
min. 
 The porous glass beads were filtered and 
washed several times before used. 
Shen et al., 2013 
 
ii) Hydroxylation 
Since Shen et al., (2013) studied on the ability of CS-coated nanoparticles to absorb 
heavy metal ions, other impacting factors should be eliminated especially the effect 
of the support. Thus all the obtained porous glass beads were treated with 
hydrochloric acid to replace the metal ions contained in the shell part of porous glass 
with hydrogen ions. The details of hydroxylation process of prepared porous glass 
beads are as shown in Table 2.7. 
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Table 2.7: Hydroxylation process of prepared porous glass beads 
Type of beads Process Reference 
CS supports porous 
glass beads 
 0.5 g of the prepared porous glass was added 
to 500 mL of 0.5 mol/L HCl. 
 The mixture was shaken for 12 h at 160 rpm 
in a temperature-controlled shaker at 333 K. 
 The modified glass beads were filtered and 
washed with deionised water. 
Shen et al., 2013 
 
iii) CS coating 
After being treated with hydrochloric acid, porous glass beads were used as the 
coating for CS. Acetic acid is added into the porous glass beads with CS because this 
will make CS physically absorbed on the surface of porous glass beads. Besides that, 
glutaraldehyde is used as a crosslinking agent of CS so that it will improve the ability 
of absorption capability for heavy metal ions and increase its mechanical strength. 
Table 2.8 shows the details of the process of CS coated on porous glass beads. 
 
Table 2.8: The process of CS coating on porous glass beads 
Type of beads Process Reference 
CS supports porous 
glass beads 
 The prepared porous glass beads were put 
into the aqueous solution containing CS and 
acetic acid.  
 The glass beads absorbed CS were mixed 
with NaOH solution for a certain period and 
then washed with deionised water. 
 The porous glass beads absorbed CS were 
treated with glutaraldehyde solution and 
shaken for 12 h at 100 rpm. 
 Porous glass beads coated with CS were 
filtered and washed with deionised water. 
Shen et al., 2013 & 
Enke et al., 2003 
 
As studied by Shen et al., (2013), the surface morphologies of porous glass 
beads treated with hydrochloric acid are shown in Figure 2.5a and b. Meanwhile, the 
surface morphologies of the porous glass beads supported with CS coating are shown 
in Figure 2.5c and d. After the modification of CS, porous glass beads are still 
covered by a layer of uniform flakes, and retain their original texture. Surface 
morphologies image do not show big differ. However, the specific surface area and 
the pore volume will affected by the different content of CS addition. Table 2.9 
shows the changes of the specific surface area, pore volume and mean pore size as 
the CS content varied. 
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Figure 2.5: (a and b): Morphology of porous glass beads treated with hydrochloric 
acid; (c and d): morphology of porous glass beads supported with CS (Shen et al., 
2013) 
 
Table 2.9: Specific surface area, pore volume and mean pore size of porous glass 
beads supported with CS (Shen et al, 2013) 
 
Chitosan content 
(wt.%) 
Specific surface area 
(m
2
/g) 
Pore volume (cm
3
/g) Mean pore size (nm) 
12.07 84.1 0.27 12.7 
6.74 124.5 0.39 12.5 
5.54 133.5 0.41 12.4 
5.22 128.9 0.41 12.6 
 
2.2.1.3 Polymer beads 
 
Polymer beads having functional groups in their surfaces have been put to practical 
use, mainly as specific absorbents, ion exchangers, chelating agents, etc. in a number 
of biotechnological and biomedical applications (Gok, 1994). Growing attention was 
paid to polymer beads because of their high efficiency at low concentration sewage, 
relatively simple process and reusability (Zhou et al., 2014), vast surface area, 
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perfect mechanical rigidity, adjustable surface chemistry and pore size distribution, 
and feasible regeneration under mild conditions (Pan et al., 2009). 
Generally, polymeric beads can effectively trap many of the ubiquitous 
organic pollutants, namely, phenolic compounds (Abburi, 2003 & Otero et al., 2005), 
organic acids (Otero et al., 2005 & Deosarkar & Pangarkar, 2004), aromatic or 
polyaromatic hydrocarbons (Zhaoyi et al., 1997 & Long et al., 2008), alkenes and 
their derivatives (Lee et al., 2005). To further improve absorption performance of a 
given polymeric beads toward other pollutants such as highly water-soluble 
compounds (e.g., sulfonated pollutants) and heavy metal ions, surface modification 
or functionalisation has proved to be an effective approach because the functional 
groups bound to the polymeric matrixes are expected to provide specific interaction 
with the target pollutants (Zheng et al., 2007). There are many types of 
functionalised polymer beads have been developed due to their absorption capability 
towards various and different types of heavy metals. Table 2.10 shows the polymer 
beads and its function towards heavy metals from water. 
 
Table 2.10: Polymer beads and its function towards heavy metals from water 
Types of polymer beads Function of beads Reference 
Modified CS Absorbents for the uptake of Cr(VI) from water. Kousalya et al., 
2010 
PVA/CS Absorbents for the removal of Cd(II) from 
aqueous solutions. 
Kumar et al., 2009 
Modified PVA-alginate 
encapsulated ferro photo 
gels 
Absorbents for Cr(VI) reduction. Idris et al., 2012 
PVA/CS Absorbents to remove common metallic 
pollutants; Cu
2+
, Pb
2+
, Cd
2+
 and Zn
2+
. 
Li et al., 2011 
γ-Fe2O3 alginate Absorbents for Cr(VI) removal. Idris et al., 2011 
PVA alginate hydrogel Absorbents for the removal of phosphate form 
aqueous solution. 
(Hui et al., 2014) 
PVA/CS Absorbents for the removal of Cu(II) absorption 
in aqueous solution. 
 Wan Ngah et al., 
2004 
CS Absorbents for Pb(II) absorption in aqueous 
solution. 
Lu et al., 2013 
 
Polymer modification has become a trend and was applied either physical or 
chemical modifications. These modifications were proposed in order to improve pore 
size, mechanical strength, chemical stability, hydrophilicity and biocompatibility. 
Crosslinking enhances the mechanical strength and chemical resistance (Wan Ngah 
et al., 2004). According to Park et al., (2011), the porous polymer beads usually give 
a very rigid structure resulting from their high crosslinking and, thus, they had less 
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possibility to collapse in most solvents and this allows the solvents and reagents to 
freely access the internal reactive sites.  
In the case of study by Kousalya et al., (2010), modification of CS was 
proposed in order to enhanced sorption performance of the beads towards Cr(VI). 
The selectivity of the sorption is improved through chemical modification techniques 
based on protonation, carboxylation, and grafting. Three types of CS modification 
was performed which are crosslinked CS beads (CB), protonated crosslinked CS 
beads (PCB) and carboxylated crosslinked CS beads (CCB). Table 2.11 shows the 
details of CB, PCB and CCB modification process. 
 
Table 2.11: Modified CS beads and their crosslinking process 
Modified 
beads 
Process of crosslinking References 
CB  The wet CS beads (CB) were crosslinked with 2.5 wt.% 
glutaraldehyde (GLA) solution and the ratio of GLA to CB 
was approximately 1.5 ml/g of wet beads.  
Kousalya et al., 
2010 
PCB  The crosslinked CB was treated with HCl for 30min for 
protonation of beads (PCB). 
 The PCB were washed with distilled water to neutral pH 
and dried at room temperature. 
CCB  The crosslinked CB was treated with aqueous 0.5M 
chloroacetic acid at pH 8.0 using 0.1M NaOH for 10h at 
room temperature. 
 CCB was washed with distilled water to neutral pH and 
dried at room temperature. 
 
2.2.1.4 Polymer beads fabrication process 
 
Commonly, polymeric beads fabrication begins by dissolving the polymer into the 
solvent and ends with air-drying process of beads before used. In order to form the 
beads into the small spherical forms, many different methods have been applied 
appropriate to the types of beads used.  There are many applicable methods which 
have been developed for the fabrication of polymeric beads (Poon et al., 2014; Wan 
Ngah et al., 2004; Zang et al., 2012 & Kumar et al., 2009). Figure 2.6 shows the 
general steps of polymeric beads fabrication process.  
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Figure 2.6: General steps of polymeric beads fabrication process 
(Wan Ngah & Fatinathan, 2008) 
 
i. Dissolution of polymer into the solvent. 
 
Normally, this step is the first step for polymer beads fabrication process. Polymers 
such as PVA, CS and alginate require some solvent in order to form polymerization 
to change their phase from powder or flake into a gel form. Commonly, water and 
diluted acid were used as solvent to dissolve the polymer.  
 
ii. Polymer blending/mixing process 
 
This process requires stirring mechanism in order to blend the polymer or mix if two 
or more polymers were used so that at the end, a homogeneous solution obtained. For 
certain polymers such as PVA, certain temperature is needed to dissolve the PVA in 
distilled water. 
 
iii. Beads fabrication to form spherical uniform gel beads 
In order to form gel beads, the polymer solution will go through a phase change 
which is liquid to solid/opaque phase. There are many different methods can be 
Dissolution of polymer into the solvent 
Beads fabrication to form spherical uniform 
gel beads 
Polymer blending/mixing process 
 
Crosslinking process of beads into the cross-
linking agent 
Washing/rinsing and air-drying process of 
beads 
Dropwise method, 
spray method, 
injection, etc. 
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applied in order to obtain the spherical gel beads compatible with the types polymers 
used.  
iv. Crosslinking process of beads into the crosslinking agent 
 
Crosslinking agent acts as medium phase conversion which transforms a polymer 
solution into gel beads. After gel beads are obtained, these beads will be soaked in 
the crosslinking agent so that, the internal beads become stronger to resist the acidic 
medium at low pH.  
 
v. Washing/rinsing and air-drying process of beads 
 
After the beads have been soaked in the crosslinking agent for a certain period, the 
beads will be rinsed with distilled water to remove the excessive of crosslinking 
agent. Then, the beads will be air-dried at room temperature prior to be used. Table 
2.12 shows types of polymer beads and its method of fabrication. 
 
Table 2.12: Types of polymer beads and methods of fabrication 
Polymer 
beads 
Method of 
fabrication 
Raw materials/ 
chemicals 
Details of fabrication process Reference 
CS-
glutaralde
hyde co
polymers 
Sol-gel 
process  
dropwise 
method 
CS, acetic acid, 
glutaraldehyde, 
NaOH 
 CS was dissolved in 
aqueous acetic acid.  
 Upon dissolution, glutaraldehyde 
was diluted with an additional 20 
mL acetic acid and added to the 
CS solution. 
 The solution was stirred overnight 
until a light yellow to orange 
colored gel was obtained. 
 Aqueous NaOH solution was 
added to the gel with rigorous 
stirring. 
 The final copolymer was passed 
through a 40-mesh sieve and 
washed in a Soxhlet extractor 
with methanol for 24 h. 
 
Poon et al., 
2014 
CS 
hydrogel 
beads 
Dropwise 
method 
CS, acetic acid, 
MeOH, NaOH 
 CS was dissolved in acetic acid 
solution by stirring overnight. 
 Then it was allowed to stand for 
another 6h. 
 CS hydro beads were prepared by 
dropwise addition of this CS 
solution to an alkaline 
coagulating mixture 
(H2O:MeOH:NaOH: 4:5:1, w/w). 
Chatterjee & 
Woo, 2009 
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Table 2.12 (continued) 
 
    Prior to use, CS beads were kept 
in water for 30min. 
 
 
CSbeads, 
chitosan–
GLA 
beads and 
CS–
alginate 
beads 
Dropwise 
method 
Chitosan, 
glutaraldehydea
cetic acid, 
NaOH 
 CS solution was prepared by 
dissolving chitosan flakes in 
acetic acid. 
 The viscous solution was left 
overnight before adding drop 
wise into NaOH. 
 The CS beads were filtered, 
rinsed with distilled water and 
air-dried. 
 
Wan Ngah 
& 
Fatinathan, 
2008 
CS/PVA 
beads 
Spray 
method 
CS, PVA, acetic 
acid, NaOH 
 CS flakes was dissolved in acetic 
acid solution and was left 24 h at 
room temperature. 
 PVA was dissolved in distilled 
water and agitated on a magnetic 
stirrer.  
 Both of the solutions were 
blended together under room 
temperature. 
 The gel blend was sprayed into a 
precipitation bath containing 
NaOH, coagulated the CS gel to 
spherical uniform CS gel beads. 
 Freshly prepared wet CS/PVA gel 
beads were filtered, washed and 
air-dried. 
 
 Wan Ngah 
et al., 2004 
PVA/CS 
beads 
Injection 
method 
CS, PVA, acetic 
acid, NaOH 
 CS solution was prepared by 
dissolving into acetic acid at 
room temperature. 
 PVA solution was prepared by 
dissolving in distilled water, 
under magnetic stirring at 80–90 
°C. 
 CS and PVA solution were mixed 
and stirred for 1h at room 
temperature. 
 The PVA/CS solution was 
injected into NaOH through a 
nozzle to form hydrogel beads. 
 The beads were cured in the 
crosslinking agent for 2 h and 
washed with distilled water. 
 
Zang et al., 
2012 
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2.3 Polymer beads as absorbents for wastewater treatment 
 
Growing attention was paid to polymer absorbents because of their high efficiency at 
low concentration sewage, relatively simple process and reusability. Among the 
absorbents used for the removal a number of heavy metals, many researchers give 
priority to low-cost natural polysaccharide materials, such as CS, cellulose, and 
starch (Pan & Ragauskas, 2012; Xie et al., 2011 & Zhou et al., 2009). Combining 
two or more polymers has become an increasingly interesting technique for the 
development of new biomaterials, which often exhibit combinations of properties 
that could not be achieved by an individual polymers (Zhou et al., 2014). 
 
2.3.1 Poly (vinyl alcohol) (PVA) 
 
There are many types of absorbents including activated carbon (Selvi et al., 2001), 
fly ash, zeolite (Nimjaroen et al., 2009 & Xu et al., 2010), perlite, kaolinite clay 
(Unuabonah et al., 2007), activated alumina (Naiya et al., 2009), grape stalk waste 
(Martínez et al., 2010), rice husk (Wong et al., 2003), tea waste (Amarasinghe & 
Williams, 2007), various resins (Abburi, 2003) and microorganisms (Gupta & 
Rastogi, 2008) have been used to remove various heavy metal ions from aqueous 
solutions. However, most of these materials are either prepared in certain conditions, 
e.g., high temperature, controlled pressure and additional chemicals which increase 
operation costs or of low efficiency, poor mechanical strength and difficult 
separation from reaction system. Therefore, there is a need to develop low cost, 
easily available, effective and reusable absorbents for the removal of heavy metal 
ions from the aqueous environment (Li et al., 2011). 
 Poly (vinyl alcohol) (PVA) is a water-soluble material containing large 
amounts of hydroxyl groups. PVA has been widely applied because it has many 
advantages such as low cost, non-toxicity, high durability, biocompatibility and 
chemical stability (Khoo & Ting, 2001 & Kao et al., 2009). The addition of PVA can 
improve the mechanical property and reduce the brittleness of the dried sample. 
Meanwhile, hydroxyl groups in PVA polymer structure may contribute to the 
absorption for heavy metal ions. These materials have been widely studied in the 
removal of heavy metal ions such as lead, copper, silver and cadmium ions from 
water or wastewater (Wang et al., 2004 & Jin & Bai, 2002). PVA showed moderate 
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